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INTRODUCTION 


Unsteac^ turixdent bGundeury layers are of nuc^ ijitere5vt because of 
unsteady aerodynamic phenonena associated vdth blades in ocnpressors and 
with helicopter rotors in translating notion. While all turbulent flows 
are inherently unsteady, here the term "unsteady" means a periodic time 
dependent notion, in contrast to the relatively a^ieriodic notion of 
turbulence. Die boundary layers cannot be ignored in unsteady flow 
analyses of the.se devices because there is considerable interaction 
between the boundary layer and the inviscid flow during hi^ loading 
conditions. In such cases the relatively thick boundary layer on the 
suction side of the lifting body is near separation. "Separation" must 
mean the ^tire process of "departure" or "breaJcaway" or the breakdown 
of the boundary-layer concept. An abnpt thickening of the rotationed 
flow region next to a vail and significant vedues of the nomal-to-vall 
velocity oonpcxient must accoipany breakaway, else this region will not 
have any significant interaction with the free-stream inviscid flow [1] . 

Work supported by this grant is part of a program to document the 
bdiavior of turbulent boundary layers on flat surfaces that separate due 
to adverse pressure gradients. Sinpson, Chew, and Shiveprasad [2,3] and 
Shiloh, Shivapreisad, and Sinpsexi [4] reported extensive laser and 
hot-wire aneneneter turbulence and flow structure measurenents of a 
steady free-stream separating turisulent boundary layer produced on the 
floor of the SMU wind tunnel test section. The Reynolds nunber for that 
flow was 4 . 7 x 10^ , based on the entrance free-stream velocity of 
15.06 nps and the 4.9 m lengtli C of the converging-diverging section. 


/ 


In work partially supported by this grant, Sinpsor;, Shiva^rasad and 
Chew [5] reported the effects of sinusoidal unsteadiness of the froo 
stream velocity on this separating turbulent boundary layer at a re&aoed 
frequency k « biC/2^^ of 0.61. Ihe oscillation anplitude to mean 
velocity ratio %as abort 0.3. 

In work sipportec by this grant, Simpson and Shivaprasad [€] 

r^xsrted some effects of reduced freqosncy on the flow structure. 

MeasuremmYts r^xrrted for the same oscillation fregueiKy (0.596 Hz) 

as in [5] but with a mean entrance free-stream velocity' U . of 10.18 

ei 

itps. The oscillation anplitude to mean velocity ratio is about 1/3 and 
the rediK^d frequency k * is 0.90. Since the reduced frequen- 

cies based csi the blade chord are of the order of 0.1 for helicopter 
blades and of ' ’ order of 1 for axieil compressor blades, these data and 
those presented in [5j are within the range of practical reduced 
frequencies. 

Since the detad^ flow behavior is dramaticedly affected by the 

unsteadiness at these practical reduced freqi^ncies, sane effects of the 

amplitude and waveform of the periodic unsteadiness were examined [7,8]. 

Measurements of surface skin fricti.on and the r^ar wall fraction of time 

the flow moves downstream were made for several C2ises using a Rubesin 

et.al. type [9] surface hot-wire anemometer and a tbernal tuft [10] 

built at SMU. While tlte time-averac^ fiee-stream velocity U was nearly 

the same in these ca^s as in the steady free-stream ceise [2-4] , the 

surface skin-friction varies with I? rather than and the detached 

e e 

flow behavior is strongly affected by the unsteadiness waveform and 
amplitude [8] . 




SIMARY OF AOOQMFLIS»eaS 
DURING THIS GRANT PESICD 

During tMs grant period there were several significant 
achieveniQits: 

1. Detailed laser and hot-snre anemometer measuremaits of 
eisenble-averaged velocity and tnibulenoe profiles were made 
for two moderate anplitude sinusoidal waveform unstean^ 
separating tuiinulent boundary layers n the range of practical 
reduced frequencies [5,6]. 

2. A Rubesin et.al. type [9] of surface skin-friction gage vras 
developed and used to measure the oscillatory surface shear 
stress. 

3. Measurements and analysis of the viscous sublayer revealed 
that the lar^ apparent ensemble-averred phase shift can be 
due to the small relative notion between the measurement 
sensor and the test wall. 

4. A thexnal flow direction "thermal tuft" was developed [10] to 
cteteimine the fraction of time that the flow moves downstream. 

5. Ihe "law of the backflow” that describes the near wall mean 
velocity profile for steady free-stream flows [11], holds for 
the unsteac^ flows examined here [5,6,8,12]. 

6. Ihe skin friction gage and the thermal tuft were used to 
examine the effects of free-stream velocity wavefc^ and 
anplitude cn the skin-fricticn and the detached flow [8] . 

7. Laser and hot-wire anemometer meaisureroents of ensemble- 

averaged velocity and turbulexK:e profiles were obtained for a 
very large anplitude oscillatory flow, /2ij^ * 

0.75, and are described in detail in ref. [8]. 






Abstracts of publications [5,6,7,10,11/12] are ocntained in the attached 
appendix. These articles discuss in detail the effects of periodic 
freestream unsteadiness on the strwrture of separating turbulent 
boundary layers. 


FX7IURE RESEAICH 


It is clear from the work si^^xarted by this grant that unsteadiness 
markedly affects the behavior of a s^>arating turbulent boundary layer. 
Further experiirents are needed to relate the turbulent processes to the 
ensenble-averaged profiles in order to irprove the modeling of this type 
of flow. 
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The sdructure of a separating turbuleirt boundary layor. 
Part 4. Bffects of periodic firee-Mream unsteadiness 


By ROGER L. SIMPSON, B. O. SHIVAPRASAD 
AND Y.-T. CHEWt 

Department of ('ivil and Mechanical Engineering, Southern Methodist University, 

DdiM, Texas 75275 

(Received 17 February 1983} 

Unsteady separating turbulent boundary layers are of practical interest be<»use of 
unstMdy aerodynamic phenomena associated with bla^ in comprMsors and with 
helicopter rotors in translating motion during high-loading conditions. Extensive 
measurements of a steady fiee-stream, nominally two-dimenmonal, sepMating tur- 
bulent boundmy layer have been reported by Simpson, Chew k Shivaprasad 
(iraia.b) and Shiloh, Shivaprasad k Simpson (IMI). Here measurements are 
reported that show the effects of sinusoidal unsteadiimss of the free-stream velocity 
on this separating turbulent boundary layer at a practical reduced frequency of 0^1 . 
The ratio of (wcillation amiditude to meui velocity is about 0*3. 

Upstream of flow detachment, single- and cross-wire, hot-wire anemometer 
measurements were obtained. A surface hot-wire aimmoomter was used to measure 
the phase-avenged skin friction. Measurements in the detached-flow zone of phase- 
averaged velocities and turbulence quantitira were obtained with a directionally 
sensitive laser ai^mometer. The fraction of time that the flow movM downstream 
was measured by the LDV and by a thermal flow-direction probe. 

Upstream of any flow reversal or backflow, the flow behaves in a quasisteady 
manner, i.e. the phase-averaged flow is described by the steady free-stream flow 
structure. The semilogarithmic law-of-the-wail velocity proflie applies at each phase 
of the cycle. The Perry * Schofield (1973) velocity-profile correlations fit the mean 
and ensemble-averag^ velocity profiles near detachment. 

After the beginning of detachment, laige amplitude and phase variations develop 
through the flow. Unsteady effects produce hysteresis in relationships between flow 
parameters. As the free-stream velocity during a cycle begins to increase, the 
Reynolds shearing stresses increase, the detached sheu* layer decreases in thickneM, 
and the fractimi of time yp^ that the flow moves downsteeam increases as backflow 
fluid is washed downstream. Am the free-stream velocity nears the maximum vitiue 
in a cycle, the increasingly adverae prenure gradient causes pit^pestively greater 
ncar-wall backflow at downstream locations, while remains high at the upstream 
)>art of the detached flow. After the free-stream velocity begins to decelerate, the 
detached shear layer grows in thickness and the location where flow reversal begins 
moves upstream. This cycle is rcjicat^Hl as the freivstream vchwity again increas<w. 


t Present address; Department of Mechanical and Production Engineeriiw, University of 
Kingapore. 
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The structure of a separating turbulent 
boundary layer. Part S. 

Frequency effects on periodic unsteady 
free-stream flows 

By ROGER L. SIMPSON and B. O. SHlVAPRASADf 

Dep«rtineiit of Civil lutd M«chsnic«l Enginoering, Southern Methodist University, 

DdlM, TexM 76276 

(Received tS October 1982) 

MeaBnrements of a steady free-stream, nominidly two-dimennonal, aepurating 
turbulent bounduy layer have been reported in e^ier parts of this wo^. Here 
measurements we reported that simw Um effects of tirequenoy on sinusoidal un- 
steadiness of the free-stream velocity on this sefNsntting turbulent boundary layer at 
reduMid frequencies of 0.61 and 0.90. The ittiio of oscillation amplitude to mean 
velocity is about | for each flow. 

Upstream of flow detachment, hot-wire anemometer measurements were obtained. 
A surface hot-wire anemometer was used to measure the phase-averaged skin friction. 
Measurements in the detached-flow rone of phase-avera^ velocities and turbulence 
quantities were obtaiiwd with a directionally sensitive laser wiemometer. H>e 
fraction of time that the flow moves downstream was measured by the LDV and by 
a thermal flow -direction probe. 

Upstream of any flow reversal or backflow, each flow behaves in a quasisteady 
manner, i.e. the phase-averaged flow b d^ribod by the steady free-stream flow 
structure. The semilogarithmic law-of-the-wall velocity profiles applimi at each phase 
of the cycte. The Perry A Schofield (1973) velocity -profile correlations fit the mmm 
and ensemble-averaged velocity profiles near detachment. 

After the beginning of detachment, large amplitude and phase variations develop 
through each flow. Unsteady effects produce hysterMis in relationships between flow 
parameters. As the free-stream velocity during a cycle begins to increase, the 
detached shear layer decreases in thickness, and the fraction of time that the flow 

moves downstream increases as backflow fluid is washed downstream. As the 
fretT-stream velocity nears the maximum value in a cycle, the increasingly adverse 
pressure gradient causes progrossivelv greater near-wall backflr'v at downstream 
l(H‘atimui while remains high at the u|M<tream part of the detached flow. After 
the I'rtHT-stroam velocity begins (,o detvIemUs itic clctaclMsJ shear layer gniws in 
thickn«*ss, and tlwT location wlx^re flow reversal begins moves uf)stn«m. This cycle 
is re|N*ate<l as the free-stn«am velmuty iq^ain inen«is*H. 

In lK»th unsU'ady flows, the ens«*rabfc-averaged »lctachcd-flow velmiity pntfUcs 
agree with steady free-stream profiles for the same ypHnm, value Mar the wall when 
mia/^ < 0. However, the reduced-frequency k » 0.90 flow has much larger 
hysteresis in ensemble-averaged velocity profile shapes when ^ L«arger 

ami negative values of the profile shape facti»r fl octnir for this flow during phases 
when the non-dimensional backflow is greater and ypM min 0-^1 • 


t I’rPHMit stWn'KH; KlliiUl Uu., .li-snnettc, PA IS644, U.S.A, 
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A MODEL FOR THE BACKFLOW ME?^ VELXm PHCffTLE 

by 


Roger L. Sinpson* 
Southern Methodist tbiiversity 
Dallas, Texas 75275 


Introduction 


1,2 


Siiipson, Chew, and Shivaprasad * and Shiloh, Shivaprasad and 

Siiipson presented detailed flow structure data obtained with a laser 

anenoieter for the necu: wall backflow region of a separating turbulent 

boundary layer. Downstream of fully-developed separation « 0 and 

the fraction of time that the flow moves downstream near the wall, 

r = 1/2) , the mean backflow regicai appears to be divicted into three 
puw 

layers; a viscous layer nearest the wall; an intermediate layer that 
seems to act as an overlap region between the viscous wall and outer 
regions; and the outer backflow region that is really part of 
large-scaled outer region flow. Mixing-length and ed^-viscosity models 
are physically msianingless in the backflow near the wall, being 
irraginary and negative, respectively. 

It was clear from these data, which are shown in Fig. 1, that the 
normal mean velocity U/ju^| was approximately a function of y/N, vhere 
is the maximum streanwise backflcw mean velocity and N is the 
distance fran the wall to this maximum backflcw velocity. At that time 
there was no obvious sinple model eguaticm that would fit the mean 
velocity profiles of the backflow region. Aside from the small amxint 
of laser anemrreter data of Hastings^ and one pulsad-wire anenoneter 
piofile of Weslpihal^, which are also shown on Fig. 1, no other 
investigators of separated flews have obtained neasurefitints sufficiently 
close to the test wall to describe this backflow region. 

Tne pujxose of this paper is to piesent sinple model .aguations for 
the mean backflcw near tlie wall tlat are consistent wiili eo<p 3 ir 5 miaital 

observations. These equations satisfy the current need for a near wall 
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can backflcw ncdel for use in calculation rrelljods 
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Some Features of Unsteady Separating Turbulent 
Boundary Layers 


R. L. Simpson, B. G. Shivaprasad, and Y.-T. Chew 

Department of Civil and Mechanical Enoineering 
Southern Methodist University 
Dallas . Texas 7527S USA 


Abstract 

A survey of the physical features of steady and unsteady separating 
turbulent boundary layers is presented fo’" practical Reynolds numbers and 
reduced frequencies for helicopter and tUrbomachinery flows. V/ell upstream 
of separation there is little interaction between the periodic motions, so 
the flow away from the wall has little phase variation from the freestreem. 
Near the wall between the viscous sublayer and the semi-logarithmic region, 
unexpected phase shifts of the velocity and turbulence oscillations occur. 

Near separation and downstream more interaction occurs between the 
periodic and turbulent motions since the characteristic frequency of the 
large scale structures is much lower than upstream. Significant phase var- 
iations between the velocity and turbulence exist in the detached and back 
flows. For moderate oscillation amplitudes there is no effect of oscilla- 
tion waveform on the mean flow features. Large amplitude oscillations af- 
fect the flow structure significantly. 


TASME ^ J. Fluids Engijieering » 104 » pp. 162-166. 
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Evaluation of a Wall-Flow Direction 
Probe for Measurements in 
Separated Flows 

Thf upstream do^nsneom flow direction inter mitteney is an imponant 
potutneict that can ^-uaniiiotiueh describe the stoyes oj flo*^ separotion. This paper 
yiues an impiuiitd design Jot a wolt/lo**' diieciion probe. Inter rt.ittency 
rmasutt menrs made using this rnodified probe sho"' agtitment *<ithln espit‘,t:.in>al 
utii ifUjir.tics vw/7i direct Hit osurtir.tnls made using a LD\', although both the 
unmodi/ied and tnudijied pr ubc designs produce results that are consistently higher 
ihuc. those jor the LDV. 
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POINTWISE AND SCANNING LASER 
ANEMOMETER MEASUREMENTS IN 
STEADY AND UNSTEADY SEPARATED 
TURBULENT BOUNDARY LAYERS 


R. L. Sinpson, B. Chehroudi* and B. G. Shivaprasad 

Departnent of Civil and Mechanical Engineering 
Southern Methodist University 
Dallas, Texas 73275 


ABSTRACT 


A survey is presented of the physical features of steady and 
unsteady freestream separating turbulent boundary layers that have been 
decenoined by pointvise laser anemometer measurements. It appears that 
th: large-scaled structures control the outer region backflow behavior. 
Near the wall the mean backflow velocity profile for both the steady and 
unsteady cases scales on the maximum negative mean velocity U^^ and its 
distance from the wall N. A scanning laser anemometer is described that 
obtains almost Instantaneous velocity profiles to examine the temporal 
features of these large-scaled structures. A "zero^-wake" seeder is 
described that supplies particles to the outer shear layer and freestream 
flow with a minimal disturbance. 


